A proteomic analysis of proteins bound to the osteocalcin OSE2 sequence of the mouse osteocalcin promoter identified TRPS1 as a regulator of osteocalcin transcription. Mutations in the TRPS1 gene are responsible for human tricho-rhino-phalangeal syndrome, which is characterized by skeletal and craniofacial abnormalities. TRPS1 has been shown to bind regulatory promoter sequences containing GATA consensus binding sites and to repress transcription of genes involved in chondrocyte differentiation. Here we show that TRPS1 can directly bind the osteocalcin promoter in the presence or absence of Runx2. TRPS1 binds through a GATA binding sequence in the proximal promoter of the osteocalcin gene. The GATA binding site is conserved in mice, humans, and rats, although its location and orientation are not. Mutation of the mouse or human GATA binding sequence abrogates binding of TRPS1 to the osteocalcin promoter. We show that TRPS1 is expressed in osteosarcoma cells and upon induction of osteoblast differentiation in primary mouse bone marrow stromal cells and that TRPS1 regulates the expression of osteocalcin in both cell types. The expression of TRPS1 modulates mineralized bone matrix formation in differentiating osteoblast cells. These data suggest a role for TRPS1 in osteoblast differentiation, in addition to its previously described role in chondrogenesis.
Runx2, previously described as CBFA1, OSF2, AML3, or PEPB2␣A, is a runt homology domain transcription factor and plays a key role in driving osteoblast differentiation. Runx2 expression, which occurs in differentiating and mature osteoblasts, is essential for bone formation, as illustrated by the phenotype of Runx2-deficient mice, which lack osteoblasts and have skeletons that are primarily composed of immature chondrocytes (1) (2) (3) . Haploinsufficiency for RUNX2 in humans results in cleidocranial dysplasia, a syndrome that is characterized by delayed endochondral and intramembranous ossification (4) . Runx2 transactivates genes involved in the deposition of bone matrix, e.g. those encoding osteocalcin, collagen IA1, osteopontin, and matrix metalloproteinase 13 (MMP13), and regulation of osteoclastogenesis, e.g. the genes encoding RankL and osteoprotegerin (reviewed in Ref. 5 ). Although Runx2 is expressed in cells of the osteoblast lineage throughout skeletal development, its levels increase only 1.5-2-fold as preosteoblasts differentiate into mature osteoblasts. Furthermore, the amount of Runx2 bound to target promoters, as measured by chromatin immunoprecipitation, is relatively unchanged throughout differentiation (6) , yet the targets it regulates have distinct patterns of expression. These observations suggest that the regulation of Runx2 activity, either by post-translational modification or by the binding of co-regulators, plays a substantial role in defining the Runx2-mediated activation of target genes. Various proteins have been shown to interact with Runx2 and modulate its activity, including Smad3, CREB 2 -binding protein (CBP) HES1, Groucho/TLE, and histone deacetylases (reviewed in Ref. 7) .
Osteocalcin is one of the most abundant (ϳ15%) non-collagenous proteins in the bone extracellular matrix and is expressed, secreted, and deposited by osteoblasts, chondroblasts, and odontoblasts during extracellular matrix mineralization. Osteocalcin expression is regulated by Runx2 binding to the OSE2 (osteoblast-specific cis-acting) element in the promoter (8 -10) . In addition, osteocalcin expression is regulated at the transcriptional level by hormones such as 1,25-dihydroxyvitamin D (vitamin D 3 ) and dexamethasone and by cytokines such as TGF-␤.
In this study, we performed an unbiased screen for factors that bind the osteocalcin promoter sequence and identified TRPS1 (tricho-rhino-phalangeal syndrome-1) as a protein that specifically associates with the osteocalcin promoter. Trichorhino-phalangeal syndrome is an autosomal dominant disorder that results in craniofacial and skeletal abnormalities (11, 12) . Patients have sparse scalp hair, a bulbous nose, short stature, hip abnormalities, brachydactyly, cone-shaped epiphyses in the phalanges, and premature growth plate closure (11, 13, 14) . Tricho-rhino-phalangeal syndrome is due to mutations affecting the TRPS1 gene (also known as GC79) and is classified into three variants (15, 16) . The TRPS1 protein contains nine zinc finger domains, including one GATA-type zinc finger and two C-terminal zinc fingers with strong similarity to the Ikaros family of lymphoid transcription factors (16, 17) . The TRPS1 protein localizes to the nucleus and specifically binds to the GATA consensus motif or its inverse sequence (17) . TRPS1 has been reported to act as a transcriptional repressor in vitro, and this activity is dependent on both a highly conserved GATA DNAbinding domain and the Ikaros-like zinc finger motifs (17, 18) . Genes that are transcriptionally regulated by TRPS1 include those encoding prostate-specific antigen, STAT3, and PTHrP (19 -21) .
In the developing mouse embryo at midgestation (embryonic days 12.5-14.5), TRPS1 is expressed in the joints of the limbs, maxilla, mandible, snout, prospective phalanges, and hair follicles (17, (22) (23) (24) . Mice engineered to express TRPS1 with a GATA-binding domain deletion (Trps1 ⌬GT mice) have a stronger phenotype in the heterozygous state than mice heterozygous for a null allele of Trps1 (20, 24) . Trps1
⌬GT homozygote mice die of respiratory failure at birth due to malformation of the thoracic spine and ribs and have delayed endochondral ossification, delayed chondrocyte differentiation, and accelerated mineralization of the perichondrium (25) . Trps1 Ϫ/Ϫ knock-out mice die perinatally, with hair follicle abnormalities, an abnormal and fragile rib cage, and shortened maxillary, mandibular, and long bones (20) . TRPS1 has been shown to physically and genetically interact with Runx2 (25) . Whereas Trps1 ⌬GT/ϩ mice exhibit accelerated mineralization and a long growth plate, Runx2 ϩ/Ϫ mice have delayed mineralization and a shortened growth plate. Double heterozygous mice have a rescued growth plate phenotype, suggesting that TRPS1 regulates Runx2-dependent functions by driving mineralization of the perichondrium during growth plate development. Trps1 was recently identified by a genome scan for candidate genes involved in the regulation of bone mineral density in mice (26) .
Osteoblast differentiation depends on the ability of Runx2 to integrate information from co-regulators and chromatin-associated proteins to achieve promoter-specific binding and temporal transcriptional activation of target genes involved in the differentiation process. How distinct promoter complexes are formed and the identities of the proteins involved remain unresolved questions. It is not well understood how Runx2 is able to function as a repressor in some contexts and as an activator in others, although this versatility probably involves the organization of Runx2-binding sites and their proximity to binding sites for other co-regulatory proteins. It has been suggested that TRPS1 may regulate the activity of Runx2 to coordinate chondrocyte hypertrophy and perichondrial mineralization in the developing growth plate (25) . In searching for proteins that modulate transcription from the osteocalcin promoter, we found that TRPS1 regulates the Runx2-dependent expression of osteocalcin, a protein expressed by mature osteoblasts and hypertrophic chondrocytes. Our data suggest that TRPS1 may function to coordinate the mineralization of the extracellular matrix by osteoblasts in addition to hypertrophic chondrocytes and thus regulate the development of bones formed by intramembranous or endochondral ossification.
EXPERIMENTAL PROCEDURES
Plasmids-The mouse osteocalcin-Luc plasmid expresses luciferase under the control of the Ϫ147 to ϩ13 segment of the mouse osteocalcin gene (27) . The p6OSE2-Luc plasmid contains six copies of the OSE2 sequence derived from the mouse osteocalcin promoter followed by a minimal promoter (8) . The human osteocalcin-Luc plasmid was generated by PCR amplification of the Ϫ212 to ϩ28 region (relative to the transcription start site) of the osteocalcin promoter using genomic DNA isolated from U2OS cells. These regulatory promoter sequences were cloned into the pGL3-Basic luciferase reporter vector (Promega). GATA and Runx binding site mutations were created using the Stratagene QuikChange site-directed mutagenesis kit according to instructions. The TRPS1 expression plasmid was acquired from Open Biosystems. The Runx2 expression plasmid was provided by Philip W. Hinds (TuftsNew England Medical Center). pRK5-␤gal expresses ␤-galactosidase under the control of a cytomegalovirus promoter (28) .
Cell Culture-ROS17/2.8 rat osteosarcoma cells were cultured in F-12 medium with 10% fetal bovine serum and 1ϫ penicillin/streptomycin. 293T, HepG2, and U2OS cells were cultured in DMEM, 10% fetal bovine serum, and 1ϫ penicillin/ streptomycin. The prostate cancer cell line LNCaP was cultured in RPMI 1640 medium containing 10% fetal bovine serum. Cells were treated with 2 ng/ml TGF-␤1 (Peprotech) for 1.5 h, 1 nM synthetic androgen R1881 (NEN Life Science) for 24 h, or 10 nM vitamin D 3 (Calbiochem) for 24 h. Bone marrow stromal cells (provided by Tamara Alliston, University of California, San Francisco) were isolated from bone marrow of femora and tibiae of 2.5-month-old C57BL/6 mice. Bone marrow pellets were resuspended and maintained in growth medium (Dulbecco's modified Eagle's medium, 20% fetal bovine serum, non-essential amino acids, vitamin solution, L-glutamine, and 1ϫ penicillin/streptomycin). For osteoblast differentiation, bone marrow stromal cells were plated in growth medium at 3 ϫ 10 4 cells/well in 12-well plates. At confluence, the cells were switched to medium containing 10% fetal bovine serum, 1ϫ penicillin/streptomycin, 10 mM ␤-glycerophosphate, and 50 g/ml L-ascorbate-2-phosphate. Medium was changed every 2 days, and cells and medium were harvested at the indicated time points for RNA isolation, enzyme-linked immunosorbent assay, or alizarin red S staining.
shRNA and Lentiviral Infection-shRNA oligonucleotides against mouse and rat Trps1 were designed using pSicoOligomaker 1.5 (developed by A. Ventura) and checked using Blast. Their sequences are shown in supplemental Table 1 . The oligonucleotides were phosphorylated with T4 kinase, annealed, and cloned into pSicoR-puro as described (see the Tyler Jacks Laboratory web site). Lentivirus was produced following co-transfection of 293T cells with the pSicoR-puro-derivative vector and VSV-G and ⌬8.9 plasmids (29, 30) using Lipofectamine 2000 (Invitrogen). Viral supernatant was harvested 48 -72 h after transfection, passed through a 0.45-m syringe filter, diluted 2:3 with fresh medium containing 8 g/ml protamine sulfate, and used to infect target cells in 6-well plates at ϳ80% confluence. Selection with puromycin at 2 g/ml was initiated 48 h after infection. mRNA levels were quantified by qRT-PCR, and protein expression was visualized by immunoblot.
DNA Pull-down Assays-Biotinylated RVP3 forward primer and GL2 reverse primer (Invitrogen), which flank the multiple cloning site in pGL3-Luc, were used to generate biotinylated double-stranded DNA oligonucleotides from sequences cloned into pGL3-Basic by PCR. PCR products were purified using a Qiagen PCR purification kit and quantified by ethidium bromide staining of an agarose gel using ImageJ. 4 pmol of each biotinylated PCR product were bound to 10 g of M280 Dynabeads (ϳ200 pmol/mg; DYNAL). Nuclear extracts were prepared essentially as described (31) . Per pull-down assay, 1-2 mg of nuclear lysate was incubated with control DNA (i.e. pGL3-Basic vector without insert) for 1 h at 4°C. Equal volumes of precleared lysate were bound overnight to the biotinylated DNA sequences in the presence of 5 g of poly(dI-dC)-poly(dIdC). The beads were washed four times with incubation buffer (20 mM Tris, pH 7.9, 150 mM NaCl, 5% glycerol, 0.5 mM EDTA, 1 mM MgCl 2 , 1% Triton X-100). Bound proteins were eluted with 0.25 M NaCl, separated by SDS-PAGE, and stained with Coomassie Blue (Gel Code Blue Stain; Pierce) for analysis by mass spectrometry or transferred to polyvinylidene difluoride (Immobilon-P, Millipore) for immunoblotting.
Transfection and Reporter Assays-ROS17/2.8 and U2OS cells were transfected in 12-well plates using FuGENE 6 or Lipofectamine 2000, respectively. 48 h after transfection, cells were washed with phosphate-buffered saline and lysed in Reporter Lysis Buffer (Promega). Luciferase activities were measured as described by the Marine Genomics Laboratory (see the Marine Genomics Laboratory web site) and normalized against ␤-galactosidase activity (Tropix). Each assay was performed in triplicate and is representative of at least three independent experiments.
RT-PCR-RNA was isolated using Qiashredder and the RNeasy kit with DNase treatment from Qiagen following the manufacturer's instructions. 1 g of RNA was used in each reverse transcription reaction using the iScript cDNA synthesis kit (Bio-Rad). Real-time PCR was performed using an Opticon-2 PCR machine (MJ Research/Bio-Rad). cDNA equivalent to 35 ng was amplified in a 40-l reaction containing a 0. (32, 33) . Samples were run in triplicate and normalized to glyceraldehyde-3-phosphate dehydrogenase or RPL19 mRNA. Each graph is representative of at least three independent experiments.
Immunoblots-Polyvinylidene difluoride membrane (Immobilon-P, Millipore) was blocked in Tris-buffered saline with Tween-20, 5% nonfat dry milk, washed, and incubated with antibodies to TRPS1 (N-18), Runx2 (S-19), Smad3 (FL-245) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA); phosphoSmad3 (95414s, Cell Signaling); or FLAG (M2, Sigma). Horseradish peroxidase-conjugated anti-goat and anti-rabbit secondary antibodies were purchased from Jackson Laboratories. Bands were visualized by ECL (Amersham Biosciences).
Chromatin Immunoprecipitation-Chromatin immunoprecipitations were performed according to the protocol of the chromatin immunoprecipitation assay kit (Upstate Biotechnology, Inc., Lake Placid, NY). Briefly, cells were fixed with 1% formaldehyde for 10 min at room temperature, followed by quenching with glycine (125 mM) for 5 min. The fixed cells were washed with phosphate-buffered saline containing protease inhibitors and lysed in 1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.1, with protease inhibitors for 10 min on ice prior to sonication, centrifugation, and addition of dilution buffer. 1% of input was removed, and lysates were immunoprecipitated with 2 g of rabbit anti-FLAG antibody (F7425, Sigma) or speciesmatched IgG control antibody or 40 l of anti-FLAG M2 affinity gel suspension (Sigma) for 2 h. Salmon sperm DNA/protein A/G-Sepharose beads were added to the polyclonal FLAG and IgG control immunoprecipitations and incubated overnight. Immune complexes were washed with low salt buffer, high salt buffer, LiCl buffer, and twice with TE sequentially prior to elution in 200 l of elution buffer (1% SDS, 0.1 M NaHCO 3 ). The eluates were heated at 65°C for 4 h to reverse cross-linking and treated with RNase A for 30 min at 37°C, followed by treatment with proteinase K for 1 h at 45°C to remove RNA and protein.
DNA was recovered using a Qiagen PCR purification kit and eluted in 50 l of Qiagen EB buffer. 1% of input and 10% of the immunoprecipitates were used in PCR analyses using AmpliTaq Gold DNA polymerase (Applied Biosystems) for 35 cycles at 95°C for 30 s, 51°C for 30 s, 72°C for 60 s (after initial denaturation for 10 min at 95°C). Primers used for chromatin immunoprecipitations are shown in supplemental Table 4 .
Alizarin Red S Staining-Cells were washed three times with phosphate-buffered saline and once with distilled H 2 O before fixation in 100% ethanol for 15 min at room temperature. Cells were rinsed with distilled H 2 O and stained in 1% alizarin red S (GFS chemicals) for 30 -60 min at room temperature. Mineralization was visualized following several rinses with distilled H 2 O. Quantification of mineralization was performed by dissolving stained mineralized cultures in 10% cetylpyridinium chloride, followed by reading absorbance at 540 nM (34) .
Osteocalcin Enzyme-linked Immunosorbent Assay-Medium from differentiating bone marrow stromal cells was collected at day 17. Replicates of 25-l samples were analyzed for the presence of secreted osteocalcin as per the manufacturer's instructions (BTI Inc., Stoughton, MA).
Mass Spectrometry-In-gel digestion of candidate proteins was performed as described (35) . HPLC grade acetonitrile and HPLC water were from Burdick & Jackson; formic acid and trifluoroacetic acid were from Pierce; and sequencing grade modified porcine trypsin was from Promega and used at a final concentration of 12.5 ng/ml.
LC MS/MS-Mixtures of proteolytically generated peptides were analyzed by nano-LC MS/MS utilizing a 2DLC nano-HPLC system (Eksigent) interfaced with the Q-Star XL mass spectrometer (Applied Biosystems/Sciex) equipped with a nanospray II source (Applied Biosystems/Sciex). External calibration was performed in MS/MS mode using fragment ions of Glu-fibrinopeptide as references. An LC Packings Pepmap C18 trap column (300-m inner diameter, 5-mm length, 300-Å pore size, 5-m particle size) and a column (75-m inner diameter, 15-cm length) self-packed with Jupiter Proteo C12 endcapped material (90-Å pore size, 4-m particle size) were used for desalting and reversed phase peptide separation, respectively. A 20-min linear gradient from 2% B to 50% B was run at a 250 nl/min flow rate, utilizing solvent A (2% acetonitrile, 0.1% formic acid) and solvent B (80% acetonitrile, 0.08% formic acid). Precursor ion selection employed an automated routine (IDA, Analyst QS 1.1, Applied Biosystems/Sciex) that consisted of a series of one survey MS scan (1 s, m/z 400 -1700) and two MS/MS scans (2 s, m/z 60 -1500); nitrogen served as a collision gas, and collision energy was automatically adjusted, depending on the size and charge state of the precursor ion. Protein identification was accomplished by using the MASCOT 2.0 (Matrix Science) search engine. Mammalia taxonomy was searched within the mass spectrometry data base 20060831 (3,239,079 sequences; 1,079,594,700 residues) utilizing the following settings: precursor ion mass tolerance, 150 ppm; fragment mass tolerance, 0.15 Da; enzyme, trypsin (including cleavages before Pro); number of missed cleavages, three; fixed modifications, S-carboxyamidomethyl; variable modifications, carboxyamidomethyl (N-term 57), deamidation (Asn and Gln), Met-sulfoxide; pyro-Glu (from N-terminal Gln); and phosphorylation of Ser and Thr.
Statistical Analyses-Data are expressed as mean values of at least three independent experiments with 2-3 replicates. Error bars show S.E. Statistical significance was computed using an unpaired two-tailed Student's t test. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
RESULTS

Identification of Proteins Bound Differentially to the Osteocalcin
Promoter-Runx2 is thought to act as a scaffold for larger protein complexes. This allows Runx2 to integrate contributions from various signaling pathways and allows for either the activation or repression of Runx2-regulated promoters (7, 36) . Whether a particular promoter is activated or repressed at a given point in time is dependent on the intracellular protein context and the combination of binding sites present on the promoter. In an effort to better understand what proteins are involved in the regulation of Runx2-responsive promoters, a DNA pull-down assay was employed to isolate proteins that specifically and differentially bind to a DNA sequence derived from the germ line IgC␣ promoter (37) and the OSE2 (osteoblast-specific element 2) sequence of the mouse osteocalcin promoter (8) (Fig. 1A) . Both sequences contain Runx-binding elements but are activated or repressed in response to different stimuli and in different cell types (38, 39).
The IgC␣ promoter sequence and six tandem copies of the OSE2 sequence, called 6OSE2 (8) , were individually cloned into the pGL3-Basic luciferase reporter plasmid. 3Ј and biotinylated 5Ј primers spanning the cloning site were used to amplify both sequences as well as a control DNA sequence lacking any known DNA binding sites (Fig. 1B) . Equal molar amounts of each biotinylated promoter sequence, as visualized by ethidium bromide staining following agarose gel electrophoresis, were used in DNA pull-down assays. The biotinylated DNA sequences were bound to streptavidin-coupled magnetic beads and incubated with nuclear extract from U2OS or ROS 17/2.8 osteosarcoma cells. These cell lines were chosen because they have osteoblast properties yet differ in their osteoinductive potential in vivo and expression of differentiation markers, such as osteocalcin. DNA-bound proteins were separated by SDS-PAGE and visualized by Coomassie Blue staining (Fig. 1C) . Proteins bound to the 6OSE2 sequence but not the IgC␣ sequence were excised from the gel and identified by mass spectrometry. Fig. 1D shows the most prominent proteins identified using MASCOT searches of LC/MS analyses of tryptic peptides from excised bands. MASCOT settings and peptide coverage maps can be found in supplemental Figs. S1 and S2. As a positive control, the band corresponding to Runx2 was excised and identified (supplemental Fig. S3 ). We focused on the first protein listed in the table in Fig. 1D, TRPS1 , which was identified in the DNA pull-down assays from both cell lines. Fig. 1E is an example of a TRPS1 peptide MS/MS spectrum from ROS17/2.8 cells. Indicated are the peptide sequence ions resulting from collision-induced dissociation of the peptide ion in the mass spectrometer.
Binding and Repression of the Osteocalcin Promoter by TRPS1-To examine the binding of TRPS1 to the 6OSE2 sequence, nuclear lysates were prepared from U2OS cells, and DNA pulldown assays were performed to visualize endogenous protein bound to the promoter sequences by immunoblotting ( Fig. 2A) . Runx2 bound to both the 6OSE2 and IgC␣ promoters, and TRPS1 only bound to the 6OSE2 promoter. Since TRPS1 has been shown to co-immunoprecipitate with Runx2 (25) (data not shown), we next tested whether binding of TRPS1 to the 6OSE2 sequence was dependent on cell type. Unlike U2OS or ROS17/2.8 cells, HepG2 human epithelial cells did not express endogenous Runx2 or TRPS1, as determined by quantitative RT-PCR (data not shown). When HepG2 cells were transfected to express TRPS1, we found that TRPS1 bound to the 6OSE2 but not the IgC␣ sequence (Fig. 2B) . As a control, Smad3, an effector of TGF-␤ signaling, bound to the IgC␣ sequence following TGF-␤ treatment. Lack of Smad3 binding to the 6OSE2 sequence was probably due to the fact that Smad3 binds the osteocalcin promoter through Runx2 (39) , whereas the IgC␣ sequence contains Smad binding sites. To test this hypothesis, we examined the binding of Smad3 to the 6OSE2 sequence in ROS17/2.8 cells, which express Runx2 (8) . Following treatment of ROS17/2.8 cells with TGF-␤, Runx2 and Smad3 bound both sequences. However, TRPS1 bound only to the 6OSE2 sequence (Fig. 2C) , whereas the addition of TGF-␤ did not affect the binding of TRPS1 to this sequence in ROS17/2.8 or HepG2 cells (data not shown). Furthermore, ectopic expression of TRPS1 did not result in nonspecific binding to the IgC␣ sequence (Fig. 2B) . Together, these data demonstrate that TRPS1 directly and specifically interacts with the 6OSE2 sequence and suggest that TRPS1 binding to the DNA does not require interaction with Runx2 or Smad3.
To determine if the binding of TRPS1 to the 6OSE2 sequence regulates transcription, we co-expressed Runx2 with increasing amounts of TRPS1 into U2OS or HepG2 cells and scored the luciferase activity driven by the 6OSE2 sequence (Fig. 2D) . TRPS1 repressed the 6OSE2 promoter in a dose-dependent manner in both cell types, indicating that osteoblast-specific proteins other than Runx2 were not required for repression of transcription. TRPS1 did not repress basal transcription from the pGL3 promoter or SBE-Luc, a Smad-responsive reporter, supporting the specificity of repression by exogenous TRPS1 (Fig. 2D) .
Because TRPS1 is a GATA-binding transcription factor, we evaluated whether transcription from the 6OSE2 sequence could be regulated by other GATA family transcription factors. We therefore tested the ability of a GATA4-VP16 fusion protein to regulate the 6OSE2 reporter in ROS17/2.8 cells using a luciferase assay (Fig. 2E) . GATA4-VP16 activated the 6OSE2 reporter, indicating that GATA DNA binding can regulate transcription from the 6OSE2 sequence.
Identification of a GATA Binding Site in the Mouse Osteocalcin Promoter-Analysis of the OSE2 DNA sequence with the transcription factor binding site identification program TFSEARCH (40) identified a putative GATA binding site, CAATCA (41) , upstream of the Runx2 binding site (Fig. 3A) . To test if this site mediated TRPS1 binding to the 6OSE2 sequence, we generated two oligonucleotides modeled on the IgC␣ sequence. One contained two copies of the Runx2 binding site but lacked the GATA site, whereas the other had the same sequence but with a GATA site added 5Ј of the Runx2 binding sites (Fig. 3A) . In DNA pull-down assays using ROS17/2.8 nuclear lysates, endogenous Runx2 bound efficiently to both sequences, indicating that the GATA binding sequence did not affect Runx2 binding. In contrast, efficient binding of TRPS1 depended on the presence of the GATA sequence CAATCA (Fig.  3B ). These data suggest that TRPS1 does not bind through Runx2 but rather requires a GATA site present in OSE2.
Because the 6OSE2 sequence is a tandem arrangement of sequences derived from the osteocalcin promoter, we tested the binding of TRPS1 to the native Ϫ148 to ϩ1 region of the mouse osteocalcin promoter, which contains only one OSE2 sequence. TRPS1 and Runx2 both bound this osteocalcin promoter sequence in U2OS and ROS17/2.8 cells (Fig. 3, C and D) . The binding efficiency was reduced compared with the 6OSE2 sequence, which was expected, given that the 6OSE2 sequence contains six tandem repeats of the same sequence. We next made a single base Ctrl, a plasmid containing a DNA sequence without Runx2 binding sites. Bands were quantified using ImageJ. Equal molar amounts of biotinylated oligonucleotides were used in each DNA pull-down assay. C, Coomassie Blue-stained SDS-PAGE of DNA pull-down assays of nuclear extracts from U2OS and ROS17/2.8 cells. The arrows indicate TRPS1 bound to the 6OSE2 sequence but not the IgC␣ sequence. D, selected proteins bound to the 6OSE2 sequence and identified by mass spectrometry. Protein identification was based on one peptide for the ID1 category and two or more peptides for the ID2ϩ category. MS/MS spectra of polypeptides matched to a single peptide are shown in supplemental Fig. S2 . Unique non-overlapping peptides were used to calculate protein sequence coverage defined as the ratio between the sum of amino acids encompassed by the confidently matched peptides (percentage confidence interval Ͼ95%) and the number of amino acids in a polypeptide sequence. Ion score is Ϫ10*log(P), where P is the probability that the observed match is a random event. Ion scores above N, the Mascot significance level calculated for p Ͻ 0.05, were considered to be statistically non-random. E, product ion scan of the triply charged molecular ion at m/z 486.9 that was authenticated as 535 SHGPDVIVVGPLL 548 from TRPS1. Inset, spectrum of molecular ion of the precursor. Data were acquired during LC MS/MS analysis at an elution time of 24.984 min. Fragment ions of y-and b-series are annotated in blue and red, respectively. As illustrated by a peptide sequence drawing at the top, the majority of peptide bonds generated discernable fragmentation ions, providing evidence as to the peptide identity. No differentiation between leucine and isoleucine amino acid residues was possible under low energy collision-induced dissociation conditions; their annotation as I and L in the peptide sequence was based on the protein data base and was not established in the course of this analysis. FIGURE 2. Binding of TRPS1 to the 6OSE2 sequence results in transcriptional repression. A, nuclear lysates of U2OS cells were incubated with 6OSE2 or IgC␣ DNA, and bound proteins were immunoblotted for endogenous TRPS1 and Runx2. TRPS1 bound only to the 6OSE2 sequence (shown in duplicate). Runx2 bound to both the 6OSE2 and IgC␣ sequences. The left two lanes show input nuclear lysate. B, similar DNA pull-down assays as in A, except using nuclear lysates from TGF-␤-treated HepG2 cells, which do not express Runx2. Immunoblots are shown for transfected TRPS1 and Smad3. TRPS1 bound the 6OSE2 sequence, but Smad3 did not. C, DNA pull-down assays as in A, using TGF-␤-treated ROS17/2.8 cells, followed by immunoblot for endogenous TRPS1, Smad3, and Runx2. TRPS1 bound the 6OSE2 sequence, whereas Runx2 and Smad3 bound to both the 6OSE2 and IgC␣ sequences but not to a control sequence. D, effects of increasing levels of Trps1 on luciferase expression from the Runx2-controlled 6OSE2 promoter. Values are shown relative to the transcription activity in the absence of transfected Trps1. The luciferase assays were performed in U2OS and HepG2 cells. TRPS1 did not affect the transcription from the pGL3-and SBE-Luc reporters. E, TRPS1 represses transcription from the 6OSE2-Luc reporter, whereas GATA4-VP16, a fusion protein that binds GATA sequences, activates transcription. Activity is shown relative to control pRK5 vector.
pair mutation in the GATA binding site of the mouse osteocalcin promoter, thus converting CAATCA to CATTCA, which has been shown to disrupt binding (41) . Neither ectopic nor endogenous TRPS1 bound the mutated GATA sequence in U2OS or ROS17/2.8 cells. In contrast, Runx2 binding was not affected. Conversely, mutation of the Runx2 binding site in the mouse osteocalcin promoter abolished Runx2 binding but had no effect on the binding of TRPS1 to the promoter sequence, further confirming that TRPS1 does not bind this sequence through Runx2.
Consistent with our findings using the 6OSE2 sequence, TRPS1 repressed transcription from the Ϫ148 to ϩ1 region of the mouse osteocalcin promoter in a dose-dependent manner in U2OS cells (Fig.  3E) . Point mutation of the GATA binding site resulted in enhanced transcription in the presence of endogenous TRPS1 and a significantly decreased repression of the mouse osteocalcin promoter reporter by overexpressed TRPS1 (Fig. 3F) . The ability of TRPS1 to repress the promoter is probably due to the ability of Runx2 and TRPS1 to interact with each other (25) (data not shown) and their overexpression, allowing a low level recruitment of TRPS1 through Runx2.
In vivo binding of TRPS1 to the osteocalcin promoter was tested by chromatin immunoprecipitation. Because antibodies capable of immunoprecipitating endogenous TRPS1 were not available, we infected bone marrow stromal cells with a retroviral vector expressing FLAG-tagged TRPS1. We then performed chromatin immunoprecipitations of FLAG-tagged TRPS1 using monoclonal or polyclonal anti-FLAG antibodies or speciesmatched nonspecific IgG and amplified the mouse osteocalcin promoter sequence, encompassing the region containing the GATA sequence. Binding of FLAG-tagged TRPS1 to the osteocalcin promoter segment was detected using monoclonal or polyclonal anti-FLAG antibodies, and no reactivity was observed using mouse or rabbit control IgG (Fig. 3G) . In control experiments, FLAG-tagged TRPS1 did not bind the IgC␣ promoter sequence.
Identification of a GATA Binding Site in the Human Osteocalcin Promoter-The identification of a GATA binding site in the mouse osteocalcin promoter at positions Ϫ142 to Ϫ137 led us to examine the cross-species conservation of this sequence. Fig. 4A shows the sequence alignment of the orthologous rat, FIGURE 3. Binding of TRPS1 to the mouse osteocalcin promoter requires a GATA binding sequence. A, the OSE2 sequence and sequences of two synthetic oligonucleotides, each containing two Runx2 sites, one with and one without a putative GATA site (CAATCA). GATA binding sites are boxed, and Runx2 binding sites are underlined. B, immunoblots on the left show the results of DNA pull-down assays from ROS17/2.8 nuclear lysates using the two synthetic oligonucleotides. The presence of a GATA binding sequence (CAATCA) allowed endogenous TRPS1 to bind to the oligonucleotide (shown in duplicate). Runx2 bound equally to both oligonucleotides. C, DNA pull-down assays from lysates of transfected U2OS cells using the 6OSE2 sequence generated by PCR from two different vectors, the Ϫ148 to ϩ1 segment of the mouse osteocalcin promoter (wild type; WT) or the same segment with an inactivating point mutation in the GATA-binding sequence (CATTCA). Immunoblotting shows the binding of TRPS1 and Runx2. TRPS1 is bound to the 6OSE2 sequence amplified from either vector and to the wild-type osteocalcin promoter sequence. The CATTCA mutation strongly reduced binding of TRPS1 to the promoter segment as compared with wild type but had no effect on Runx2 binding. D, DNA pull-down assays from lysates of ROS17/2.8 cells. Endogenous TRPS1 bound to the wild-type osteocalcin promoter fragment but not to the CATTCA mutant fragment. Mutation of the Runx binding site (mRunx) had no effect on TRPS1 binding but abolished Runx2 binding. E, increased expression of TRPS1 confers dose-dependent repression of transcription from the mouse osteocalcin promoter in U2OS cells, measured by luciferase activity. Reporter activity is shown relative to the promoter activity in the absence of transfected Trps1. F, transcription activity of the wild-type mouse osteocalcin promoter and CATTCA mutant in ROS17/2.8 cells in the absence or presence of transfected Trps1 or vector control (pRK5). The CATTCA mutant has higher activity than the wild-type promoter segment, and TRPS1 is less efficient at repressing transcription from the mutant promoter segment. Luciferase activity was normalized to the transcription from the wild-type promoter. G, binding of TRPS1 to the mouse osteocalcin promoter in bone marrow stromal cells expressing FLAG-tagged TRPS1, as assessed by chromatin immunoprecipitation using either monoclonal or polyclonal anti-FLAG antibodies and species-matched IgG controls (mouse (Ms) for monoclonal and rabbit (Rb) for polyclonal). The PCR products show that TRPS1 binds the osteocalcin promoter but not the IgC␣ sequence. mouse, and human osteocalcin promoter sequences. The GATA binding site in the mouse promoter at positions Ϫ142 to Ϫ137 is not conserved in either the rat or human sequence. However, using the Weeder Motif Locator (MoD tools) (42), we identified a more distal putative GATA binding site that is conserved between the rat (positions Ϫ172 to Ϫ166) and human (positions Ϫ198 to Ϫ192) promoter sequences. This GATA binding sequence is in the opposite orientation relative to the transcription start site when compared with the one in the mouse osteocalcin OSE2 element at Ϫ142 to Ϫ137, although identical in sequence, and is predicted to bind GATA factors. The slightly divergent sequence in the mouse promoter at the corresponding position (Fig. 4A) is also predicted to bind GATA factors, albeit with lower affinity (41) . The functionality of this site in the mouse osteocalcin promoter was not tested.
To determine if TRPS1 binds the human osteocalcin promoter, we amplified the Ϫ212 to ϩ28 region promoter by PCR from genomic DNA of U2OS osteosarcoma cells. We then evaluated the binding of TRPS1 to this sequence in DNA pull-down assays using nuclear extracts from transfected U2OS cells (Fig.  4B) or untransfected ROS17/2.8 cells (Fig. 4C) . Ectopically expressed and endogenous Runx2 and TRPS1 bound with similar efficiencies to the human and mouse osteocalcin promoter sequences (Fig. 4C) . Mutation of the human GATA binding site (Ϫ198 to Ϫ192) from TGATTG to TGAATG abolished binding of TRPS1, although the binding of Runx2 was unaffected (Fig. 4D) . These data suggest that the distal GATA-binding element in the human osteocalcin promoter is required for TRPS1 binding. In reporter assays using the same promoter fragment, the mutation barely attenuated the ability of TRPS1 to repress Runx2-dependent activation of the human osteocalcin promoter (60% versus 69%) but significantly decreased the activation of the promoter by the GATA4-VP16 fusion protein (Fig. 4E) (420%  versus 170%) . The weak repression of Runx2-dependent transcription by TRPS1 using the human promoter stands in contrast to the much stronger repression of the mouse promoter (Fig. 3F ) and may be due to sequence differences between the two promoters, resulting in the differential binding of other regulatory factors. In addition, it is possible that the interaction of TRPS1 with Runx2 that is required for transcriptional repression at the human sequence depends more on the three-dimensional architecture of the promoter in a chromatin context. Nevertheless, these results, taken together, illustrate that TRPS1 can bind and regulate both the mouse and human osteocalcin promoters through its ability to bind an intact GATA binding site.
Regulation of TRPS1 Expression by Androgen and Vitamin D 3 -The ability of TRPS1 to repress expression from the osteocalcin promoter led us to evaluate whether TRPS1 expression correlated with osteocalcin gene expression. We used two cell culture systems in which a treatment modulates the expression of either TRPS1 or osteocalcin and examined the regulation of both genes. First, we used a prostate cancer cell model in which it has been shown that TRPS1 mRNA expression is regulated (43) . In LNCaP-FGC cells, an androgen-responsive human prostate carcinoma cell line, treatment with the androgen R1881 results in down-regulation of TRPS1 mRNA and protein levels (44) . Accordingly, the androgen R1881 down-regulated TRPS1 expression in these cells (Fig. 5A) . Although osteocalcin expression has been detected in androgen-independent prostate cancer cells (45) , its expression in androgen-responsive cells has not been reported. We showed that treatment of androgen-sensitive LNCaP cells with R1881 results in increased osteocalcin mRNA expression concomitant with down-regulation of TRPS1 mRNA (Fig. 5A) . This inverse correlation suggests that a decrease in TRPS1 expression results in an increase in osteocalcin expression. The proximal GATA binding site in the mouse promoter is not conserved in the rat and human sequences. A more distal GATA binding site is conserved between the rat and human sequences but not in the mouse sequence. B, DNA pull-down assays using nuclear lysates from transfected U2OS cells. Immunoblotting shows that TRPS1 and Runx2 both bind the human osteocalcin promoter segment. The synthetic oligonucleotide without the GATA binding sequence (Fig. 3A) and a control oligonucleotide were used as negative controls for TRPS1 binding. C, DNA pull-down assays as in B, but analyzing endogenous proteins in ROS17/2.8 cells, show similar binding of TRPS1 and Runx2 to the human and mouse osteocalcin promoter segments. D, DNA pull-down assays from ROS17/2.8 cell lysates, using either wild-type (WT) or mutant mouse or human osteocalcin promoter sequences. Mutation of the GATA binding sites (CATTCA mutation in the mouse sequence and TGAATG mutation in the human sequence) abolishes TRPS1 binding but not Runx2 binding. E, transcription assays in transfected U2OS cells show that the TGAATG mutation in the human osteocalcin promoter slightly reduces the transcription repression by TRPS1 and strongly reduces the activation of the promoter by the GATA4-VP16 fusion. Luciferase activities are normalized to vector control.
To further evaluate this correlation, we also studied the regulation of Trps1 and osteocalcin expression in ROS17/2.8 osteosarcoma cells. Under normal growth conditions, these cells express low levels of osteocalcin, but its expression can be enhanced by treating the cells with vitamin D 3 (46) . Vitamin D 3 increases the expression of osteocalcin through a vitamin D 3 -responsive element at positions Ϫ465 to Ϫ438 in the rat osteocalcin promoter (46) . In response to vitamin D 3 , ROS17/ 2.8 cells decreased the expression of Trps1 mRNA, measured using quantitative RT-PCR (Fig. 5B) . Conversely, osteocalcin mRNA levels were increased in response to vitamin D 3 . These results, generated using two different cell types, illustrate that two different physiologically relevant treatments result in an increase in osteocalcin and decrease in Trps1 expression, consistent with the control of osteocalcin expression by TRPS1. The results of these experiments prompted us to use a more targeted approach to manipulate TRPS1 levels and to address the role of endogenous TRPS1 in the regulation of osteocalcin transcription.
TRPS1 Regulates Osteocalcin Expression in ROS17/2.8 CellsTo determine the role of TRPS1 in the regulation of osteocalcin expression, we designed shRNAs targeting the Trps1 transcript and cloned each into a lentiviral vector. ROS17/2.8 cells were infected with lentivirus expressing shRNA to Trps1, and the efficiency of down-regulation of TRPS1 expression was evaluated by immunoblotting. The results for the two most efficient short hairpins are shown in Fig. 6A . In cells expressing either shRNA, no TRPS1 protein was detected in DNA pull-down assays using either the wild-type mouse osteocalcin promoter or the corresponding sequence in which the CAATCA sequence was mutated to CATTCA (Fig. 3, B and C) . By quantitative RT-PCR, the level of Trps1 mRNA in cells expressing the Trps1 shRNA was decreased by ϳ80% (Fig. 6B) . Strikingly, in these cells, the osteocalcin mRNA levels increased reciprocally by 4 -5-fold. Because a TRPS1 binding site has been identified in the Runx2 distal promoter at position Ϫ1176 (47), we also examined the effect of decreased TRPS1 expression on Runx2 levels. There was a moderate but statistically significant increase in Runx2 mRNA levels when Trps1 expression was reduced.
We next evaluated the effect of increased TRPS1 expression on osteocalcin and Runx2 mRNA levels. ROS17/2.8 cells were infected with retrovirus expressing FLAG-tagged TRPS1 or control virus. Overexpression of TRPS1 was demonstrated by immunoblot (Fig. 6C) , and quantitative RT-PCR analysis showed a 2-3-fold increase in Trps1 mRNA levels (Fig. 6D) compared with vector control cells. The increased TRPS1 expression resulted in an ϳ50% reduction in the amount of osteocalcin mRNA (Fig. 6D ). These data demonstrate that TRPS1 represses transcription of the osteocalcin gene and suggest that TRPS1 expression may affect the transcriptional autoregulation of the Runx2 gene (27) .
Trps1 Expression and OSE2 DNA Binding in Differentiating Bone
Marrow Stromal Cells-Because ROS17/2.8 cells were derived from an osteosarcoma (48, 49), we wanted to evaluate the role of TRPS1 in the regulation of osteocalcin expression in primary osteoblasts undergoing differentiation. To this end, we used mouse bone marrow stromal cells, which are capable of differentiating into several different lineages, including osteoblasts, when cultured under the appropriate conditions (50, 51) . These bone marrow stromal cells were allowed to differentiate at confluence in the presence of ␤-glycerophosphate and L-ascorbate- 2-phosphate. The levels of Trps1 mRNA were examined in undifferentiated cells and at 17 days following the addition of differentiation medium (Fig. 7A) . The expressions of Trps1, osteocalcin, and Runx2 mRNA were all increased following the addition of differentiation medium for 17 days. This result is consistent with the possibility that Trps1 plays a role in intramembranous ossification and has the potential to regulate osteoblast differentiation markers, such as osteocalcin.
The level of TRPS1 protein in bone marrow stromal cells that is capable of binding to the 6OSE2 DNA sequence was assayed by DNA pull-down assays. Nuclear lysates were prepared from confluent bone marrow stromal cells maintained in either growth or differentiation medium for 8 days. DNA pull-down assays were performed using the 6OSE2 sequence, and the bound proteins were analyzed by immunoblotting (Fig. 7B) .
TRPS1 bound to the 6OSE2 sequence only in differentiated cells and not in cells in culture conditions that do not result in detectable Trps1 mRNA expression. Runx2 binding to the 6OSE2 sequence also increased in differentiated cells, consistent with its increased expression when the cells were treated with differentiation medium.
TRPS1 Regulates Osteocalcin Expression in Differentiating Bone
Marrow Stromal Cells-To test the effect of modulation of Trps1 levels on osteocalcin expression in differentiating cells, bone marrow stromal cells were infected with lentivirus expressing short hairpin RNAs targeting Trps1 or retrovirus expressing Trps1. Following selection, the cells were induced to undergo osteoblast differentiation. Reduction of Trps1 mRNA levels resulted in increased osteocalcin gene expression (Fig.  8A) . Runx2 mRNA levels were not affected by Trps1 downregulation but were decreased by increased Trps1 expression (Fig. 8B) . Consistent with the repression of osteocalcin expression by TRPS1, increased expression of Trps1 strongly repressed the level of osteocalcin mRNA. These data are in agreement with our experiments in ROS17/2.8 cells. We next quantified the osteocalcin protein levels in the medium by enzyme-linked immunosorbent assay (Fig. 8C) . Increased Trps1 expression resulted in greatly decreased levels of osteocalcin in the medium, whereas reduction of Trps1 expression by lentiviral shRNA expression increased the level of secreted osteocalcin.
TRPS1 Expression Defines the Level of Osteoblast Differentiation and Mineralization-Osteocalcin expression in osteo-
blasts occurs at the onset of mineralization and increases with mineral deposition (52, 53) . To evaluate the role of TRPS1 in osteoblast mineralization, we infected bone marrow stromal cells with retrovirus expressing Trps1 or lentivirus expressing shRNA targeting Trps1 and allowed the cells to differentiate. By quantifying the calcium deposition using alizarin red S staining, we found that, after 12-17 days, cells with increased Trps1 expression had decreased mineralization, whereas reduction of Trps1 expression slightly increased mineralization (Fig. 9A) . These results suggest that TRPS1 regulates not only the expression of osteocalcin during osteoblast differentiation but also the deposition of mineralized matrix by differentiating osteoblasts.
To further characterize the regulation of osteoblast differentiation by TRPS1, we assessed the expression of other osteoblast genes, in addition to the osteocalcin gene, in differentiated cells. This set of genes includes those encoding collagen 1A1, the major protein constituent of bone (54); alkaline phosphatase, a non-collagenous matrix protein involved in matrix stabilization (55); osteopontin, which is associated with matrix formation and maturation (52); MMP13, an enzyme important for bone metabolism and homeostasis (56) ; RankL, a stimulator of osteoclastogenesis (57) ; and osteoprotegerin, an inhibitor of RankL (58) . Increased Trps1 expression resulted in decreased expression of the genes encoding MMP13, osteopontin, alkaline phosphatase, osteoprotegerin, and collagen 1A1 (Fig.  9B) . In contrast, RankL expression was strongly enhanced in cells with increased Trps1 expression. Using lentiviral expression of Trps1-specific shRNA, we found that decreased expression of Trps1 resulted in a reciprocal expression pattern for the MMP13, osteopontin, alkaline phosphatase, osteoprotegerin and collagen 1A1 genes, demonstrating that TRPS1 represses the expression of these genes, either directly or indirectly (Fig. 9C) .
MMP13, osteopontin, and osteocalcin are late markers of osteoblast differentiation, and their expression occurs concomitantly with mineralization. In contrast, alkaline phosphatase is an early marker of osteoblast differentiation and is the only gene tested that does not contain a Runx2 binding site in its promoter (5) . Using the Weeder program (MoD tools) (42) to locate conserved motifs in co-regulated genes of the same species, we identified potential GATA-binding sequences within 400 bp of the transcription start site in the promoters of all genes tested. Whether or not these binding sites are functional and are able to bind TRPS1 remains to be investigated. However, our data suggest that TRPS1 may be able to regulate the onset of mineralization in both chondrocytes and osteoblasts.
DISCUSSION
In this study, we sought to identify modulators of Runx2-dependent gene expression. We took a proteomics approach using DNA segments from two differentially regulated Runxresponsive promoters to isolate and identify proteins that could regulate transcription. Proteins differentially bound to the two DNA segments were isolated from two different osteosarcoma cell lines and identified by mass spectrometry. One of the proteins that we identified was TRPS1, which is known to be a GATA-binding transcription repressor and is encoded by a gene that is responsible for the human skeletal disease known as tricho-rhino-phalangeal syndrome.
We initially confirmed the interaction of TRPS1 with both a short DNA segment (OSE2) and the proximal region of the mouse osteocalcin promoter that encompasses the OSE2 sequence. TRPS1 repressed the luciferase expression from a reporter containing the OSE2 sequence in a dose-dependent manner. Importantly, TRPS1 bound to the osteocalcin promoter through a previously unidentified GATA binding site rather than through protein interactions with Runx2. TRPS1 bound the OSE2 sequence of the osteocalcin promoter in either the presence or absence of Runx2. These results explain why the GATA domain of TRPS1 is required for the repression of Runx2-dependent transcription (25) . Further, mutation of the Runx2 binding sequence does not affect the binding of TRPS1 to the osteocalcin promoter, and TRPS1 binding does not affect the ability of Runx2 to bind the DNA. However, TRPS1 binding and transcriptional repression was affected by mutating the GATA binding site of the mouse osteocalcin promoter, and activation of the osteocalcin promoter by GATA4-VP16 was also abolished by mutation of the GATA binding site. Although TRPS1 was identified by mass spectrometry and chromatin immunoprecipitation as a transcription factor binding to the short mouse osteocalcin promoter sequence that contains the GATA binding site, we cannot exclude the possibility that other GATA factors might also be involved in the regulation of osteocalcin gene transcription.
In the mouse promoter, the GATA site is located at Ϫ142 to Ϫ137 relative to the transcription start site, whereas it is found in the opposite orientation at Ϫ172 to Ϫ166 in the rat and Ϫ198 to Ϫ192 in the human osteocalcin promoter sequences. We have shown that TRPS1 can bind the GATA motif in both the mouse and human osteocalcin promoter sequences, and it has been documented that TRPS1 can bind the GATA sequence in either orientation (17) . Although many regulatory sites are spatially conserved between orthologs, this is not always the case, and the positions of highly conserved motifs can deviate by over 100 bp (59) . In fact, the PTHrP gene also has differences between the position and number of GATA binding sites in promoters of the mouse and human orthologs. The mouse PTHrP promoter has GATA sites at Ϫ442 and Ϫ422, both of which are inverted, and the human PTHrP promoter has GATA sites at Ϫ422, Ϫ173, and Ϫ119, with only the last one inverted (60) . This result highlights a limitation of many regulatory sequence prediction algorithms that use comparative sequence analysis with the assumption that transcription factor binding sites between orthologs are spatially conserved.
The mechanism by which TRPS1 is able to repress transcription remains unclear. The repression domain of TRPS1 maps to the Ikaros-like zinc fingers in the C terminus of the protein (17) . This region of TRPS1 has been shown to interact with two proteins, LC8a (dynein light chain 8) (61) and RNF4 (RING finger protein 4) (62), both of which suppress TRPS1-mediated transcriptional repression of GATA-responsive promoters by an unknown mechanism. TRPS1 is also sumoylated at two lysines within the C-terminal repression domain (63) . Sumoylation enhances repression by TRPS1, in contrast to Ikaros sumoylation, which disrupts both histone deacetylasedependent and -independent repression (64) . Further study is required to determine which proteins and post-translational modifications regulate TRPS1 and the nature of the transcription complexes in which it participates.
Previous studies have revealed a role for TRPS1 in the differentiation of chondrocytes (19, 20, 25, 60) , but no studies have proposed a role in osteoblasts. Such a role is, however, consistent with the observation that Trps1 is expressed in the mandible (17) , a bone that is made by intramembranous ossification. We found that TRPS1 is functionally expressed at early and late stages of osteoblast differentiation of bone marrow stromal cells in culture. Furthermore, using cells with silenced or increased Trps1 expression, we demonstrated that TRPS1 negatively regulates late stage osteoblast differentiation, as apparent from its effects on osteocalcin expression and mineralization, and the expression of other osteoblast markers, including osteoprotegerin, osteopontin, alkaline phosphatase, matrix metalloproteinase 13, collagen 1A1, and RankL. Putative GATA binding sites exist in the proximal 400 bp of the Runx2-responsive promoters of the mouse genes encoding matrix metalloprotease 13, osteoprotegerin, osteopontin, and collagen 1A1, 3 and GATA binding sites were also detected in the mouse RankL and alkaline phosphatase promoter sequences. The results for RankL are confusing; however, there are conflicting reports regarding the role of Runx2 in the expression of RankL as well as the potential for RankL expression by extraskeletal fibroblasts (65) . The possibility of a role for TRPS1 in osteoclast regulation requires further study. Given that TRPS1 levels affect the expression of all genes surveyed, it is tempting to propose that TRPS1 may coordinate the expression of a set of osteoblast genes through interaction with GATA binding sites in their promoters.
Mice that lack functional TRPS1 expression show accelerated mineralization of the perichondrium, and it has been suggested that TRPS1 acts to synchronize chondrocyte mineralization with chondrocyte differentiation in the growth plate (25) . Osteocalcin is expressed in mature osteoblasts and hypertrophic chondrocytes undergoing mineralization, which also express osteopontin and bone sialoprotein (66) . It is interesting to speculate that TRPS1 may repress Runx2-regulated genes that are involved in mineralization of both osteoblasts and chondrocytes until the onset of terminal differentiation, at which time the transcriptional repression by TRPS1 might be relieved, thus allowing the expression of terminal differentiation markers to occur in a coordinated fashion. Perhaps TRPS1 can function in two stages, to suppress Runx2 expression in non-osteoblastic cells and to repress Runx2-dependent expression of particular genes at some stages of osteoblast or chondrocyte differentiation.
TRPS1 expression is reduced in LNCaP cells treated with the synthetic androgen R1881 (43) (present work). This repression is mediated by the binding of the androgen receptor to a hormonal response element in the TRPS1 promoter (67) . Our data indicate that the treatment of LNCaP cells with R1881 results in increased osteocalcin gene expression. Interestingly, high levels of Runx2 and bone matrix proteins, such as osteocalcin, bone sialoprotein, and osteopontin, have been detected in the majority of primary and metastatic prostate cancers but not in normal prostate tissue (68) . Osteocalcin expression is high in androgen-insensitive cell lines and low in androgen-sensitive cells like LNCaP cells (69) . Further, TRPS1 expression shows an inverse correlation, with high expression in androgen-sensitive cell lines and low expression in insensitive cells (43) . These results suggest that TRPS1 may play a role in suppressing the expression of bone-specific markers, such as osteocalcin, in prostate carcinomas and other non-mineralizing cells.
Finally, we found that vitamin D 3 , a hormone that increases the expression of osteocalcin mRNA in ROS17/2.8 cells (70) , induced a reduction in Trps1 expression. We were unable to identify a putative vitamin D 3 receptor binding site in the genomic sequence preceding the Trps1 coding sequence but did find a number of other hormone receptor binding sites, including those for glucocorticoid, androgen, estrogen, and progesterone. Moreover, increased TRPS1 expression has been detected in breast cancers (71) . These correlations between TRPS1 expression, hormone regulation, and osteoblast marker expression in different cell and tissue contexts are intriguing and will hopefully be explored to determine whether the relationship is causal and could be used as a target for therapy or predictive and could be used as a useful marker of disease progression.
